In order to investigate the efficiency of sulfate green rust (GR2) to remove Ni from solution, GR2 samples were synthesized under controlled laboratory conditions. Some GR2 samples were synthesized from Fe(II) and Fe(III) sulfate salts by precipitation. Other samples were prepared by coprecipitation, of Ni(II), Fe(II) and Fe(III) sulfate salts, i.e., in the presence of Ni. In another sample, Ni(II) sulfate salt was added to pre-formed GR2. After an initial X-ray diffraction (XRD) characterization all samples were exposed to ambient air in order to understand the role of Ni in the transformation of the GR2 samples. XRD was repeated after 45 days. The results showed that Nious GR2 prepared by coprecipitation is isomorphous to Ni-free GR2, i.e. Ni is incorporated into the crystalline structure. Fe(II) was not replaced by Ni(II) in the crystalline structure of GR2 formed prior to exposure to solution-phase Ni. This suggests Ni was adsorbed to the GR2 surface. Sulfate green rust is more efficient in removing Ni from the environment by coprecipitation.
INTRODUCTION
Green rust is a Fe(II)-Fe(III) hydroxide that consists of positively charged brucite-like layers alternating with anions and water molecules. The general composition Fe III x (OH) 12 ] x+ [(A) x/n .yH 2 O] xwhere x = 0.9-4.2, A is an n-valent anion, e.g., CO 3 2-, Cl -or SO 4 2-and y denotes the varying amounts of interlayer water (O'Loughlin et al., 2003) . The green rust with a hexagonal cell, containing sulfate anions in the interlayer spaces, is called green rust two (GR2) and has been studied in detail. It is known that the Fe(III) ions in the brucite-like sheet and the SO 4 -2 anions in the interlayer spaces in GR2 exhibit long range order (Génin, 2004) .
Green rusts are found as natural corrosion products of Fe metal (Refait et al., 2003) and as minerals in hydromorphic soils (Génin et al., 2001) . They can be synthesized in the laboratory by partial Fe oxidation (II) or by reactions of Fe (II) and Fe salts (III) in aqueous solutions (Géhin et al., 2002) . Green rusts, unlike most Fe oxides, have a large internal surface area giving rise to great specific surface areas and consequently great reactivity. They represent reactive ion exchangers and sorbents (Hansen et al., 2001) . The amphoteric surface hydroxyl groups can sorb heavy metals (cations) as well as inorganic anions, e.g. silicate, arsenate and selenate. In addition, cations such as Cu(II), Ni(II), Zn(II), Cd(II), Co(II) and Mg(II), may isomorphically substitute for Fe(II) during green rust formation (coprecipitation). Refait et al. (1990 Refait et al. ( , 1994 Refait et al. ( , 2005 have obtained Nious-ferric green rusts as the end products of substitution of Fe(II) ions by Ni(II) ions in green rust. This has implications for the fate of transition metals in the environment.
Green rusts are unstable in oxidizing conditions and their rapid reaction with atmospheric oxygen results in the formation of ferrihydrite (Fe 5 HO 8 (Fe 3 O 4 ), depending on pH, solution composition, oxidant, oxidation rate, and the dehydration degree and rate (Lin et al., 1996; Loyaux-Lawniczak et al., 2000) .
Working with Ni(II)-Fe(II)-Fe(III) pyroaurite-like hydroxychlorides obtained by aerial oxidation of mixed Ni(II)-Fe(II)-hydroxides with various P = Fe/Ni ratios, Refait & Genin (1997) observed that these hydroxychlorides oxidize quickly and the final product depends on P. In the absence of Ni, green rust oxidized to lepidocrocite. For P > 5/3 the X-Ray diffraction (XRD) analyses revealed lepidocrocite and some Ni(II)-Fe(II) hydroxychloride while for P between 1/3 and 5/3, only hydroxychloride appeared on the XRD diagram.
The incorporation of cationic inorganic contaminants into the green rust structure may be an effective means of sequestering contaminants in the subsurface. However, the potential of green rusts to adsorb or incorporate contaminants into the crystal structure and the tendency to release them again to solution depends on the conditions during initial GR2 formation by precipitation or coprecipitation, the transformation processes to more stable phases, as well as the susceptibility to dissolve and therefore release incorporated trace components.
In view of the potential importance of GR2 in environmental pollution control, this study investigated the fate of Ni ions in GR2 formed by precipitation in the absence and in GR2 formed by coprecipitation in the presence of Ni.
MATERIAL AND METHODS
Since GR2 is very sensitive to air oxidation, the GR2 samples were synthesized in an anoxic chamber (glovebox). The preparation method of some samples was similar to that described by Géhin et al. (2002) , i.e., the first GR2 samples were synthesized by precipitating a mixture of Fe(II) [Fe(III) ]} ratio of 3/2, was added to the solution under continuous stirring. After one hour, the stirring was stopped, the pH determined between 6.4 and 6.8 and the samples were aged in the flask for 24 h (sample 1).
A second sample set (sample 2) was synthesized by coprecipitating a mixture of Fe(II) [Fe(III) ]} = 3/2, was added to the solution under continued stirring as described above. After one hour stirring, the pH was measured and the samples aged in flasks for 24 h.
The third sample set (sample 3) was initially prepared like sample 1 (P = 100 % Fe(II) and 0 % Ni(II)), but after the magnetic stirring the samples were aged for one week. Then the same amount of Ni(II) used in sample 2 was added to each flask. The GR2-Ni mixtures were magnetically stirred for one hour and aged for another 24 h. In this case the GR2 samples had been pre-formed prior to contact with Ni.
The samples were centrifuged and the supernatants decanted and stored for further analysis. The precipitates were subsequently washed two times with N 2 -purged deionized water. The solutions decanted from the washing process were also collected and stored for further analysis. A small amount of nitric acid was added to the decanted supernatant solutions to avoid the precipitation of Fe(III) oxyhydroxides. The supernatants were analyzed for Fe(II) with ferrozine according to the method of Stookey (1970) using an UV-Vis recording spectrophotometer (UV-250 IPC). The Ni(II) concentration was determined by an atomic absorption spectrophotometer. The molar amounts of Fe(II) and Ni(II) in the GR2 samples were calculated as the difference between the amount used initially to synthesize GR2 and the remaining amount found in the supernatant. The GR2 precipitates were dried within the glovebox and ground to powder. The dried samples were characterized by X-ray diffraction (XRD). The XRD analysis was performed on a Philips X'Pert Pro MPD diffractometer using CuKα (1.5418 Å) radiation and an X'Celerator RJMS array detector. The samples were placed in air-tight glass vials prior to removal from the glove box. Each sample was quickly transferred to an XRD sample holder (air exposure ≤ five minutes) and XRD-analyzed. The crystallographic parameters, i.e. interplanar distances (c) and dimension of the unit cell along the a-axis (a) of the samples were calculated with the XRD data by the Scherrer formula, i.e., D c = 0.9λ[ε cos θ] -1 where ε is the full width at half maximum of a diffraction line at a Bragg angle of θ (Refait & Genin, 1997) .
After this initial XRD characterization all samples were exposed to ambient atmosphere to understand the role of Ni in the transformation of the GR2 samples. XRD was repeated after 45 days.
RESULTS AND DISCUSSION
All main lines found in the XRD patterns (Figure 1 ) are similar and typical of GR2 suggesting that the crystallographic structure of the samples is similar. The XRD plot for GR2 with no Ni is shown for reference ( Figure 1a) . The peak positions match those reported for GR2. Even when Ni was coprecipitated with Fe(II) and Fe(III), the characteristic green rust peaks persisted (Figure 1b) suggesting that Ni is incorporated in the sulfate layer of GR2 (Refait et al., 1990) . Part of the Fe(II) was probably substituted by Ni(II) in the crystallographic structure, resulting in Ni(II)-GR2, which is isomorphous to GR2 (Refait et al., 1994) . The peak positions for the sample prepared by GR2 precipitation followed by Ni exposure one week later ( Figure 1c) were also similar to the peak positions for the sample prepared with no Ni (Figure 1a) , suggesting that later exposure to Ni did not influence the GR2 structure.
The angular position of the diffraction peaks leads to a series of c spacings close to those described by Bernal et al. (1959) which characterize the GR2 structure that is known to be a hexagonal lattice. Table 1 shows the interplanar distances (c) and the dimensions of the unit cell along the a-axis (a) for all samples produced here as calculated from the XRD patterns.
R. Bras. Ci. Solo, 31:813-818, 2007 Even though the XRD patterns for the three samples look similar it is possible to understand the influence of Ni on the samples by comparing the lattice parameters for samples prepared with and without the element. Crystallographic parameters (a and c) for sample 1 are similar to those found by Bernal et al. (1959) to characterize the structure of GR2 (a = 0.32 nm and c = 1.09 nm), confirming that this sample is pure GR2. For all three samples the cvalues were close to the value 1.097 nm found for pure GR2 and there was no apparent correlation with the presence of Ni in the crystallographic structure. This indicates that, in this case, either the accuracy was insufficient to distinguish a trend or the c-value is not sensitive to Fe(II) substitution by Ni(II).
Contrastingly, the a-value for sample 2 was lower than for samples 1 and 3. This is consistent with the fact that Fe(II) is larger than Ni(II). The a-value for the pure Ni brucite sheet, Ni(OH) 2 , is 0.3126 nm (Graves & Thomas, 1986) whereas the a-value for the pure ferrous brucite sheet, Fe(OH) 2 , is larger by 0.3262 nm (Bernal et al., 1959) . The substitution of Fe(II) by Ni(II) in any brucite-like compound should therefore result in a decrease in the lateral dimension of the unit cell. This suggests that there is isomorphic substitution of Fe(II) by Ni(II) in the GR2 structure. The a-values of samples 1 and 3 are similar to each other. This supports the idea that these samples have the same crystalline structure and that the Ni associated with sample 3 added one week after Fe(II) and Fe(III) precipitation is probably adsorbed at the GR2 surface.
The similar molar amounts of Fe(II) in samples 1 and 3 (Table 2 ) also support the idea that Fe(II) in sample 3 was not substituted by Ni(II), in contrast to sample 2 where the molar amount of Fe(II) is much lower.
Green rust 2 is unstable and oxidizes quickly when exposed to the atmosphere. In order to determine the extent to which the GR2 structure is retained in oxidizing conditions, the samples were exposed to ambient atmosphere for 45 days and then reexamined by XRD (Figure 2) . In a comparison of the patterns in figure 2 and 1, the characteristic GR2 peaks in samples 1 and 3 (Figure 2a and 2c, respectively) had practically disappeared indicating that the original compounds were transformed and the original GR2 structure was lost. In contrast, for sample 2 ( Figure 2b ) the three main peaks typifying green rust were still present even after exposure to oxidizing conditions. The additional peaks indicate that other minerals are present in the sample, aside from GR2.
Considering that the XRD analysis provides no information on the location of the Ni ion in the compound structure and knowing that Ni is able to decrease the oxidation process of Ni-GR2, as observed by Refait et al. (1990) , one can infer that in sample 2 ( Figure 2b ) the Ni ions are part of the GR2 structure and that in sample 3 (Figure 2c ) any Ni associated with GR2 was adsorbed at the surface, since it did not prevent sample oxidation. 
CONCLUSION
The results of this study support the hypothesis that Ni ions added to GR2 synthesized by Ni-free precipitation are adsorbed on the GR2 surface and that Fe(II) is not replaced by Ni(II) in the GR2 crystalline structure. Contrastingly, GR2 formed by coprecipitation of Ni and Fe ion is isomorphous to GR2. Ni(II) is present in the GR2 crystalline structure. Coprecipitation results in removal of Ni from solution and may be more efficient in removing the element from the environment than adsorption.
